The repetitive fraction of the genome of the eukaryotic slime mould Physarum polycephalum is dominated by the Tp1 family of highly repetitive retrotransposon-like sequences. Tp1 elements consist of two terminal direct repeats of 277bp which flank an internal domain of 8.3kb. They are the major sequence component in the hypermethylated (M +) fraction of the genome where they have been found exclusively in scrambled clusters of up to 50kb long. Scrambling is thought to have arisen by insertion of Tp1 into further copies of the same sequence. In the present study, sequence analysis of cloned Tp1 elements has revealed striking homologies of the predicted amino acid sequence to several highly conserved domains characteristic of retrotransposons. The relative order of the predicted coding regions Indicates that Tp1 elements are more closely related to copla and Ty than to retroviruses. Self-Integration and methylation of Tp1 elements may function to limit transposition frequency. Such mechanisms provide a possible explanation for the origin and organisation of M + ONA in the Physarum genome.
INTRODUCTION
Families of mobile genetic elements are now recognised as being widespread in eukaryotic genomes (1) . The term 'retrotransposon' (2) describes a class of transposable genetic elements capable of being mobilised by reverse transcription of an RNA intermediate. Retrotransposons are in many ways structurally and functionally analogous to the integrated proviral form of retroviruses and it seems likely that they have a common evolutionary origin (3, 4) . Retrotransposons are flanked by long terminal direct repeats (LTRs) and encode the functions required for their own transposition, most notably reverse transcriptase (5) (6) (7) (8) . The most widely documented and best studied examples of retrotransposons are copia-like sequence families in Drosophila melanogaster (9, 10) and Ty elements in Saccharomyces cerevisiae (11, 12) . In addition to yeast and fruit flies, repetitive elements bearing the structural hallmarks of retrotransposons have been identified in a wide range of species including nematodes (13) , mammals (14) (15) (16) and several plants (17) (18) (19) (20) . Retrotransposon-like sequences can be present at frequencies ranging from only a few (19) to many thousands of copies per genome (18) . In some cases (e.g. in Drosophila), families of retrotransposons account for a major fraction of the middle repetitive DNA component (21) and contribute significantly to the frequency of spontaneous mutations. The apparent ubiquity of transposable elements, together with their potential effects on gene function, suggest that these sequences may have played an important role in shaping the eukaryotic genome, thus underlining the importance of reverse transcriptase in evolution (22) .
Previous studies in our laboratory have focused on the nature and organisation of repetitive DNA sequences in the genome of the eukaryotic slime mould Physarum polycephalum. About onethird of the Physarum genome is composed of repetitive DNA sequences (23) . Within this fraction, a dominant family of highly repeated sequence elements has previously been identified and partly characterised (24, 25) . This sequence family (previously referred to as Hpall-repeats) accounts for over half of the repetitive DNA fraction, and possibly for up to 20% of the Physarum genome (26) . These elements have an unusual organisation in that they appear to be arranged exclusively in 'scrambled' clusters, up to 50kb in length, located within the Hpall resistant, methylated (M+) fraction of the genome (27) . Initial sequence analysis (24) indicated that these repetitive sequences (referred to here as Tpl-Transposon Physarum 1) were retrotransposon-like in nature and led to the hypothesis that scrambling has resulted from transpositional insertion of copies of Tpl into target sites present within its own sequence. The characterisation of the LTRs of Tpl has already been described (24) . In the present study evidence is presented that the Tpl element has the potential to encode peptides with homology to the conserved regions of the nucleic acid binding, protease, endonuclease and reverse transcriptase domains characteristic of retrotransposons. The relative order of these coding domains allows Tpl elements to be assigned to the group of eukaryotic retrotransposons which includes copia and Tyl.
MATERIALS AND METHODS
Physarum polycephalum genomic DNA was prepared as described (72) , from the colonia-derived diploid strain LU648 x LU688 (73) . Genomic clones in the vector lambda-1059 were constructed and isolated as previously described (28) . Subclones were generated in the plasmid vector pUC12 (25) . Plasmid clones were propagated in E.coli NM522 (hsdD5 (rk~, true"), Alac pro, thi, supE, E'proAB + , facIqzAMIS; 74) or E.coli JM83 (ara, Mac pro, thi, strA. 4>8Od/acZAM15, Gibco-BRL).
Standard protocols were used for isolation of plasmids, restriction digests, transformation of E.coli, etc. (75) . DNA sequencing was performed using the dideoxynucleotide chain termination method (76) with the Sequenase enzyme and the kit supplied by United States Biochemical Corporation. Bluescript™ vectors were obtained from Stratagene (Heidelberg, FRG). In some cases, subclones of appropriate restriction fragments were constructed in the Bluescript™ vector pSKM13~ and deletion clones allowing stepwise sequence analysis of the insert fragments were generated using exonucleasein/SI nuclease digestion (77 DNA and protein homology searches were carried out on the Genbank and PROTEIN data libraries using the FASTN and FASTP programs (78) . All other computer manipulations of data were carried out using the University of Wisconsin Genetics Computer Group program package, version 6 (79) .
Sources of data used for sequence comparisons were as follows: Tal-3 (17); Tntl-94 (20) ; copia (5); 1731 (80); Ty3 (8); Ty 912 (7); 17.6 (6); 297 (38) ; MMoLV (81); RSV (82); HIV-1 (83) .
RESULTS AND DISCUSSION
Structure of the Physarum genomic clone PL12 PL 12 is one of a number of clones isolated from a Physarum genomic DNA library constructed in the phage vector lambda-1059 (28) . These clones were isolated on the basis of their homology to previously identified, highly repetitive Physarum genomic DNA fragments cloned in pBR322: pPH29, pPH53a and pPH53b (29) . Characterisation of the insert sequences of the pPH-series and the PL-series of clones has been reported previously (30, 27) . The PL12 DNA insert consists of two contiguous BamHI fragments of around 5kb and 10kb in length. These two fragments were subcloned in the plasmid vector pUC12 and designated PL12-HP1 and PL12-HP2 respectively (25) . In order to further characterise Tpl, PL12-HP1 and PL12-HP2 were examined by restriction mapping, Southern blot hybridisation and nucleotide sequence analysis (25, 31) . During this analysis, additional non-Tpl sequences were found, identifying a second retrotransposon-like repetitive sequence family referred to as Tp2. The properties of Tp2 are presented in detail elsewhere (32) .
PL 12 contains at least five partial copies of Tpl and two copies of Tp2. Consensus maps of Tpl and Tp2 and their arrangement in clone PL 12 are presented in Figure 1 . PL 12 does not contain an intact, uninterrupted copy of Tpl. However, it was possible to reconstruct a putative full length sequence for Tpl by merging the overlapping sequence data from regions I and II in Figure  1 . This composite sequence file was used in all of the subsequent analysis.
Nucleotide sequence of Tpl: general features The composite Tpl sequence referred to above will appear in the EMBL, Genbank and DDBJ Nucleotide Sequence Databases under the accession number X53558. Two LTRs of 277bp flank an internal region of 8343bp in length. The LTRs are terminated by short inverted repeats and contain possible transcriptional control signals, in addition to primer binding sites analogous to those required for the initation of plus-and minus-strand DNA synthesis in retroviruses and retrotransposons. The putative tRNA binding sites of both Tpl and the Tp2 element referred to above are identical to that of the copia element in Drosophila melanogaster, where a mechanism of primer binding involving an internal region of tRNAn^, has been proposed (33) . A polypurine sequence immediately precedes the 3'-LTR.
The overall base composition of Tpl is 29% A, 24.4% C, 21.6% G and 25% T, but various internal stretches of the sequence have quite different base composition. For example, several stretches of up to 150bp in length composed almost entirely of homopurine.homopyrimidine (Pur.Pyr) sequence can be identified. It has been suggested that Pur.Pyr sequences can adopt triplex non-B-DNA structures which may play a role in making chromatin accessible to proteins involved in recombination (34) . Recently, a Pur.Pyr sequence has been identified within a clustered group of retroposons isolated from the human genome (35) . Such structural features may affect targeting of integration of further retro-elements within a cluster. Stretches of Pur.Pyr sequence also occur in the Tp2 element (32) .
Another structural feature of the Tpl sequence is the presence of numerous direct repeats and inverted repeats. The latter could give rise to the foldback structures previously observed in electron micrographs of DNA clones containing portions of the Tpl element (29) .
Retrotransposons are usually flanked by short direct repeats, which arise as a consequence of target site duplication at the site of insertion. Since clone PL12 does not contain a full length copy of Tpl, it was not possible to ascertain whether insertion of a Tpl element into itself results in a target site duplication, although several sites where integration may have taken place have been identified. In common with most other retrotransposons (exceptions include 297 and 17.6; 36), there appears to be no target site sequence specificity for insertion of Tpl into its own sequence, although the target sites observed thus far may have structural similarities (i.e. short palindromes or the potential to form Z-DNA structures; 24, 25) .
Tpl sequences appear to be present exclusively in the hypermethylated (M+) fraction of the genome. As expected for a methylated sequence, the frequency of the CpG dinucleotide in the Tpl sequence is very much reduced compared to the frequency of all other possible dinucleotides. This can be accounted for by the phenomenon known as 'CpG suppression' (37) , which results from the loss of CpG by spontaneous deamination of 5-methylcytosine (5-meC) to thymine. The 2.000 4. 000 6.000 8.000 Figure 2 . Distribution of termination codons in the amino acid sequence predicted from Tpl in all six reading frames. Regions labelled I-VUI indicate the position of peptide sequences exhibiting homology to gag and pol-encoded polypeptides as described in the text.
possible significance of methylation with regard to transpositional activity of Tpl and the structure of M + DNA will be discussed below.
Coding Potential of Tpl
The distribution of stop codons in the composite Tpl sequence is shown in Figure 2 . Bearing in mind that the sequence comprises parts of two interrupted (and therefore probably non-functional) copies of Tpl, it was not expected that large, continuous open reading frames (ORFs) would be found. Instead, regions which could form part of longer reading frames were identified, peptide sequences were predicted and a search of the available databases made. A number of significant homologies to the nucleic acid binding, protease, endonuclease and reverse transcriptase domains of copia and other related elements were found. Significantly, these homologies were found only with peptides encoded by the predicted sense strand of Tpl (as indicated in Figure 2 ). In several positions, stop codons were present within regions clearly homologous to retrotransposons. In other cases, e.g. within the region analogous to reverse transcriptase, it was necessary to change reading frames to follow the homology. These features would not be expected of a functional copy of Tpl. Also, in the absence of a functionally complete Tpl sequence, it is impossible to say whether the functions potentially encoded by the element are contained within a single ORF (as is the case for copia, Tal-3 and Tntl-94) or if there are two or more overlapping reading frames (as in Tyl, Ty3, 17.6 and 297). A diagram showing the relative position and degree of homology of conserved domains of retrotransposons with respect to the Tpl element is presented in Figure 3 . Overall, the genetic organisation of Tpl most closely resembles that of the retrotransposons copia, Tal, Tntl and Tyl. 
Homology to gag polypeptides
The degree of similarity of Tpl to the equivalent gag region of retrotransposons was lower than that observed with the endonuclease and reverse transcriptase domains (see Figure 3) . Nevertheless, peptide I (Figure 2 ) could be aligned with the beginning of the single ORF in Tal-3, Tntl-94 and copia, and with the beginning of ORF 1 of Tyl, Ty3, 17.6 and 297. 0RF1 in 297 and 17.6 shares some homology with the gag region of MMoLV (39) . The corresponding region in copia has been shown to encode the major capsid protein of copia-related virus-like particles (40) .
An amino acid motif in peptide II (Figure 2 ) was identified as being homologous to a highly conserved domain of nucleic acid binding proteins. In all replication competent retroviruses the nucleic acid binding protein is derived from the C-terminal half of the gag polypeptide (41) . There are conflicting views regarding the function of this protein. Some authors suggest that it is required for the accurate positioning of the tRNA primer on the replication initiation site (42); others have evidence that it is important for ensuring that viral RNA rather than cellular RNA is packaged specifically into virion heads (43) . Figure 4a shows the conserved amino acid motif CX 2 CX4HX4C in Tpl and the nucleic acid binding domain of several retroviruses and retrotransposons. This motif is also conserved in Tp2 (32) .
Protease, endonuclease and reverse transcriptase homologies
Certain amino acid sequences characteristic of the protease, endonuclease and reverse transcriptase domains of retroviruses are also highly conserved among retrotransposons. The active site of retroviral proteases contains the Asp-Thr-Gly sequence characteristic of aspartic proteases (44) . Variants of this sequence are conserved in the protease region of retrotransposons. The aspartic acid residue is absolutely invariant and has been shown to be essential for proteolytic function in copia (45) and in the plant pararetrovirus CaMV (46) . Figure 4b shows a comparison of part of peptide HI (Figure 2 ) with the protease active site region in other retro-elements. The invariant Asp residue is also conserved in this Tpl peptide.
Peptide IV (Figure 2 ) encodes an amino acid configuration capable of forming a zinc-binding domain which could interact with DNA. This zinc-binding region, which appears to be absolutely conserved in retroviral endonucleases (47) , involves a pair of histidines separated by 20 to 30 residues from a pair of cysteines. The sequence in peptide IV conforms to this structure ( Figure 4c ) and is present at the appropriate position i.e. at the N-terminal region of the endonuclease domain.
Extensive stretches of homology to the endonuclease and reverse transcriptase domains of group II retrotransposons were identified in peptides IV and V, and VI, VII and VHJ, respectively (Figure 2) . These regions are shown in detail in Figure 5 . One of the most highly conserved domains in most reverse transcriptases is a motif which has been designated the YXDD box (38) . The tyrosine and first aspartic acid residue have been shown to be essential for reverse transcriptase activity in the case of the HIV retrovirus (48) . A variant of this sequence is located within the putative reverse transcriptase domain of Tpl at a position (underlined in Figure 5b box in Tal-3, Tntl-94, copia and Ty912. In Tpl, the sequence is His-Val-Asp-Glu. The codons for the histidine and glutamic acid residues could have been derived from those of tyrosine and aspartic acid, respectively, by single nucleotide changes. The copy of Tpl from which this sequence was predicted could be expected to contain many mutations and it is quite possible that functional copies of Tpl have a sequence at this position which corresponds more closely to the YXDD box.
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Evolutionary relationship of Tpl to retrotransposons
The similarity of retrotransposons and retroviruses has led to speculation about their shared evolutionary origins (reviewed in 84). Since the reverse transcriptase is the most highly conserved domain of retro-elements it has been used to determine the phylogenetic relationship among retroviruses (49, 50, 84) as well as between these viruses and retrotransposons (51, 38, 4, 84) . It has been demonstrated that the diversity of reverse transcriptaserelated sequences in retrotransposons is much greater than in retroviruses and appears to consist of two major groups, one represented by 17.6, 297, gypsy and 412 (group I), and the other by copia and Ty (group II: 38,4). Group I and II retrotransposons also differ in the relative order of the functional domains encoded by pol. Group I elements more closely resemble retroviruses, where the arrangement is protease-reverse transcriptase-integrase. In group II elements, the integrase lies between the protease and reverse transcriptase regions. In view of the relative order of functional domains and the high degree of sequence homology existing between copia and Ty, and Tpl, Tal and Tntl, it would be reasonable to propose that the latter three elements are also members of the copia and Ty group.
It is interesting that Tpl, Tal, Tntl, copia and Ty are all very closely related to each other and distinct from the group I retrotransposons, yet they occur in very different species, i.e. acellular slime moulds, plants, insects and yeast. This might indicate that the progenitor of this group of elements is very ancient and was present before the divergence of the above species. The phylogenetic tree constructed from a comparison of reverse transcriptase sequences (84) supports this idea as it shows that copia and Ty diverged at a very early stage in evolution from the progenitors of other known retrotransposons and retroviruses. The elements Tal, Tntl and Tpl might now be added to this branch as other descendants of this ancient event. Alternatively, the occurence of these elements in widely different species may be due to an extensive horizontal transfer of these genetic elements between species. The latter hypothesis is supported by examination of the species distribution of Drosophila retrotransposons and comparison of sequence homologies and codon usage in elements found in different phyla (52, 8, 18) .
Possible mechanisms for dispersal of Tpl sequences
Scrambled clusters of repetitive DNA sequences have long been described as being a general feature of eukaryotic genomes (53, 54) and it has been suggested that these structures might have arisen by DNA transposition (55) . As with the Tpl element in Physarum, similar structures in other genomes can account for a significant fraction of the repetitive DNA. Although it has not been proved directly that repeated transposition events have led to the formation of the large, scrambled clusters of Tpl sequences, the observation that Tpl LTRs are present at most points of discontinuity in the clones examined to date argues in favour of a specific, directed mechanism of integration. The structural homologies described above provide convincing evidence of the relationship of the Tpl element to retrotransposons, making dispersal via transposition an attractive hypothesis. Equally valid is the possibility that homologous recombination promotes exchange of sequences within, and between, the scrambled arrangements of Tpl elements, thus contributing to the expansion of the M+ component of the Physarum genome. The length (20-50kb) and the repetitive nature of the sequences within M + tracts would facilitate such a mechanism. Of course, transposition and homologous recombination are not mutually exclusive. Both are known to be involved in the movement of Ty elements in the yeast genome (56), where homologous recombination events are 10 3 times more frequent than transpositional movements (2) .
Transposition of Tpl via a reverse transcriptase-mediated These VLP-like structures have not yet been characterised further, but if they are indeed associated with Tpl, the analogy with other retrotransposons would be further strengthened and they would be invaluable as a potential source of full length, active forms of Tpl.
Preferential integration of Tpl into self: possible implications Self-insertion is not unique to Tpl. The heat-shock responsive element DIRS in Dictyostelium (58) is another example of a eukaryotic transposable element which preferentially integrates into its own sequence. Several retro-elements of different types have been found associated with each other in the human genome (35) . Clusters of Ty elements in which Tyl, Ty3 and Ty4 elements interrupt each other have also been described (59, 60) . The latter structures are commonly associated with tRNA genes and are probably distinct from the recently reported multimeric arrays of Ty, which appear to have arisen by recombination of intermediates during transposition (61) .
To date, the Tpl element has not been identified outwith the scrambled clusters of its own sequence and has therefore not been found in association with other gene loci. This is in contrast with many other retrotransposons, which are often found to be the cause of spontaneous mutations in structural genes (62, 63) . In some cases, such mutations may confer a selective advantage on the host organism and may thus contribute to rapid evolutionary adaptation. What might the advantage be of preferential integration of a retrotransposon into copies of its own, or a related, sequence? Since only a very small proportion of insertions into structural genes would be expected to be advantageous to the host, a mechanism to limit deleterious mutations may be necessary. It could be postulated that scrambled clusters of repetitive elements could act as reservoirs of sites where further integration of transposons would be tolerated. An extension of this idea is that each scrambled sequence cluster should contain an intact, potentially functional, copy of the most recently inserted element. In this way, the transposon, acting as purely selfish DNA (64), ensures its own propagation, and the host organism maintains a limited supply of active transposons which could potentially contribute to favourable mutations. Also, limiting the number of active elements in this way would limit the number of functional transcripts which in turn could control the frequency of transposition. An alternative, or additional, mechanism by which transposition could be limited is discussed below.
Tpl elements and DNA methylation
Digestion of Physarum genomic DNA with Hpall generates M + (Hpall-resistant) and M-(Hpall-sensitive) fractions which account for 20% and 80% of the nuclear DNA, respectively (65) . M+ and M -DNA have similar G + C contents but the density of 5-methylcytosine (5-meC) residues in M+ DNA is approximately fivefold greater than in the M-fraction, demonstrating that M+ DNA is hypermethylated (26) . The M + fraction is comprised almost exclusively of sequences belonging to the Tpl family (27) and to date, no Tpl sequences have been found outwith M+ DNA. These observations raise the interesting question of whether selective methylation of sequences in M + DNA serves to modulate expression and mobilisation of Tpl.
Several recent reviews have summarised the current state of knowledge regarding DNA methylation and its effects on gene expression and chromatin structure (66) (67) (68) (69) . In general, there is a negative correlation between methylation and gene activity, both at the level of specific 5-meC residues associated with the regulation of tissue-and development-specific genes, and as part of a more 'global' mechanism of gene inactivation i.e. inactive chromatin is heavily methylated. Ousters of Tpl elements in M + DNA might therefore be expected to be inactive. Further copies of Tpl becoming integrated into a resident cluster by reverse transcriptase-mediated transposition would be unmethylated, making it necessary to postulate that de now methylation of these insertions maintains the structure of M+ DNA. De novo methylation is thought to occur upon integration of adenovirus DNA into the genome of adenovirus-transformed cells (70) . Maintenance of methylation may be part of a mechanism by which Tpl sequences are rendered transcriptionally silent, thus limiting transposition frequency. Such a mechanism has been described in the mutator system in maize (71) . If all copies of Tpl in M+ DNA were inactivated by methylation, transcriptionally competent copies might be expected to occur elsewhere in the genome. Tpl elements occuring at very low frequency in M-DNA may have escaped detection thus far. Unmethylated copies of Tpl could be responsible for the generation of Tpl transcripts. Preferential insertion of the products of these transcripts into M + DNA would result in their subsequent inactivation by methylation. Again, like self-insertion, this is a possible mechanism for limiting the number of transposition-competent copies of Tpl in the genome. Once inactivated, the lack of selective pressure to maintain functionally important coding sequences would result in the accumulation of mutations in these copies of Tpl, which in turn would ensure that inactivation is effectively irreversible.
CONCLUSIONS
Although a direct demonstration of mobility would be the ultimate proof that the Tp 1 element can indeed function as a transposable genetic element, it is not always necessary to demonstrate transposition in order to place a new element in a class along with copia, Ty and other retro-elements. The presence of long terminal direct repeats with their associated controlling sequences, and the capacity of the internal sequence to encode proteins with homology to reverse transcriptase and other proteins involved in transposition suggest very strongly that the sequence element is, or was, a retrotransposon. The evidence presented here clearly shows the relationship of the Tpl elements to other eukaryotic retrotransposons, although the Tpl clusters described here are novel both in their genetic organisation and in the fact that they are heavily methylated. A combination of the mechanisms discussed above for limiting transposition of Tpl provides a plausable explanation for the origin and propagation of the scrambled clusters of Tpl which dominate M+ DNA in Physarum. As yet, there is no evidence that the Tpl element actively transposes, but whatever the mechanism, amplification and dispersal of these sequences has clearly contributed greatly to the structural organisation of the Physarum genome.
